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Dust grain growth in the interstellar medium of galaxies at redshifts 
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Abstract. To discriminate between different dust formation processes is a key issue 
in order to understand its properties. We analysed six submillimeter galaxies at red- 
shifts 4 < z < 5 and nine quasars at 5 < z < 6.4. We estimated their dust masses from 
their (sub)millimeter emission and their stellar masses from the spectral energy dis- 
tribution modelling or from the dynamical and gas masses obtained from the CO line 
detections. We calculated the dust yields per AGB star and per SN required to explain 
these dust masses and concluded that AGB stars are not efficient enough to form dust 
in the majority of these galaxies. SN could be responsible for dust production, but only 
if dust destruction in the SN shocks is not taken into account. Otherwise even SNe are 
not efficient enough, which advocates for some other dust production mechanism. We 
present the hypothesis that grain growth in the interstellar medium is responsible for 
bulk of the dust mass accumulation in these galaxies. 
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1. Introduction 

Dust is of prime importance in cosmology, not only because it obscures our view on 
stellar populations, but also because its emission contains crucial information about the 
half of the energy emitted in the Universe. Dust can be formed by asymptotic giant 
branch (AGB) stars and by supernovae (SNe). 

I t is known that an AGB s tar can produce up to ~ 4x 10"^ M© of dust dMorgan & Edmunda 

2003UFerrarotti&Gailll2006h. whereas a S N can produce up to ~ 1.32 M© of dust 



dXodini & FerraralbOOlMNozawa et al.ll2003h . However, the SN shocks destroy the ma 
jority of the dust f ormed by a SN leaving only < 0. 1 Mp to be ejected into the interstel- 
lar medium (ISM: lBianchi & Schneideill2007l : (ciierchneff & Dwe5l2010h . 

The dust yields deri ved observationally for SN remnants ar e usually < 0.01 Mp 
except of Cassiop eia A dPunne et all l20oi l2009h and Kepler dMorgan et all l2003l : 
Gomez et al.ll2009h . for which the derived dust yields are of the order of ~ 1 M©. 



It is difficult to distinguish the dust formed by AGB stars and by SNe. Based on 
the fiat extinction curves, the SN-origin dust has been claimed to be present in distant 
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quasars (QSQs) and gam ma- ray burst host gala xies (iMaiolino et al.|2004 , 
2010L lPerlevetalJ l201Cll and lStratta et"aDl2007 '. but see lZafar et all bOlOS. 

Another option is that the stellar sources provide only the dust seeds and the bulk 
of the dust mass accumulation happens in the ISM by the grain growth via capturin g of 



oi the dust mass accumulation napp ens m me laM by tne grain growtn via ca pturin g 
heavy elements (iDraine & SalpeteiUlQTQlJDwek & Scalolll980l : lDram"elll990Li2009h . 



The significant amounts of dust have be en detected in th e early Universe up to z 



6.4 (iDunlop et alJI 19941: iBenford et alJI 19991: [A rchibald et aDl2001 



;lbmontetal. 20dl|; 
Mddey & McMahon"200lVPriddey et al."2003, 2008; Isaak et al.' 2002; Bertoldi et aD 
2003; Robson et al. 2004:Beelen et a l. 2006; Wang et al..200a : .Martinez-Sansigre et all 



2009; Michaiowski et al.ll2010al : [San tini et al.l l2010l) . Hence, its origin has to be ex- 



plained by a process that is both efficient and rapid. 

S everal works have attempted m odelling of the dust evolution at these high red- 
shifts (iDwek et al l2007l :I Valiante et a l. 2009; Dwek & Cherchnefill201 iLlGall et al.l201 lal Jbl: 
Pipino et al.ll201lh . In this paper we present more simplistic approach of estimating 
whether stellar sources are efficient enough to explain the dust detected at high red- 
shifts. 



2. Method 



We selected six submillimeter galaxies (SMGs) at 4 < z < 5 dCoppin et al.l 12009 



Capak et all lloosi : ISchinnerer et all l2008l : iDaddi et all l2009bllal: iKnudsen et al. 201 



j&ii 



note t hat the currently highest-redshift SMG from lRiechers et al.ll201 and Capak et aL| 
1201 ll is not included in this study) and modelle d their spectral energy distributions 
(SEDs) using the r adiative transfer code GRASI L (ISilvaet al.lll998h utilising the 35 000 



SED templ ates of llglesias-P aramo et al. (200 7]) Th e details of the SED modelling can 
be found in lMichalowski et al. (.200& . ,2009 .. 2010al R 1201 lb . 



To extend the explored redshift range we selected nine quasars (QSOs) at 5 < z < 
6.4. Their near-IR emission is dominated by active galactic nuclei instead of stellar 
population, so we approximated their stellar masses as a differen ce between the dy- 
namical and the gas masses derived f rom the CO line detections fWalter et al.ll2004l : 
iMaiolino et aLll2007l : IWang et alHIoToh . 



The number of stars with masses between Mq and Mi in the stellar population with 
a total mass of M* was calculated as N{Mo-Mi) - M, ["' M'^dM/ f^'"'"' M-^MdM. 
It is unclear what kind of the initia l mass function (IMF) is appropriate at high red- 
shifts feaugh et al.ll2005l : lFontanot eraDl2007 l: iHavward et al.ll2010l.l201lh . H ence, we 
adopt ed an IMF with M^m - 0.15, M^ax = 120 Mq, and a slope a = 2.35 (|Salpeterj 



1955L or Of = 1.5 for a top-heavy IMF). The average dust yield per star is M^a^ilNiMo- 



Mi). 

Stars with masses < 8 Mq need at least 50 Myr to enter the AGB phase and start 
producing dust, so for AGB stars the M* was replaced with the M* - Mburst. where 
Mburst is the mass of stars created in the last 50 Myr. 

3. Results and discussion 



The required dust yields for SMGs dMichalowski et al1l2010ch are shown on Figure [T] 
as a function o f redshift. For sim i lar repr esentation of required dust yields for QSOs 
see Figure 1 of [Michaiowski et aD fcOlObh . 



Dust grain growth at 4 < z < 6.5 



nt> 



-t— • 

C/D 


Q. 

CO 
Q 



10^ 
10° 

10-^ 

10-^ 

10° 
10-^ 



10 



-2 



* 


• M--Mburst 

" M. 


• 
t 


AGB 


Theoretical yields 




1 




^^™ 


^^^^m 




Top-heavy IMF 


SN 


Theoretical yields: 
without dust destruction 
■ with dust destruction 


• 


• 


- - Cassiopeia A and Kepler 
'/ Other SN remnants 





4.0 



4.2 



4.4 
Redshift 



4.6 



4.8 



Figure 1 . Dust yields per AGB star (top) or per SN { bottom) required to explain 
dust in the 4 < z < 5 SMGs ( Michalo wski et al.ll20103) . The extension to z > 5 is 
presented in lMichalowski et al.. (20 10b.) . AGB stars are not efficient enough and SNe 
would need to be unfeasibly efficient to form dust in these sources suggesting rapid 
grain grown in the ISM is likely to be responsible for the large dust masses. Circles: 
the best estimates of the required dust yields. Arrows: lower limits calculated for 
stellar masses without subtracting the young stars formed in the last 50 Myr. Gray 
symbols indicate that a top-heavy IMF was adopted. Dashed line and diagonal lines: 
the dust yields derived for Cassiopeia A, Kepler (~ 1 Mq) and other SN remnants 
(~ 10^^-10"^ Mq), respectively. Green area: theoretical dust yields for AGB stars 
(< 4 ■ 10"^ Mq). Light blue and blue areas: theoretical SN dust yields without 
(< 1.32 Mq) and with dust destruction implemented (< 0. 1 Mq), respectively. 



For both SMGs and QSOs the AGB stars are not efficient enough to form dust 
in these objects as their required dust yields are higher than the range allowed by the 
theoretical modelhng. 

If SNe do not destroy the dust they form (i.e. eject up to ~ I M© of dust into 
the ISM) then they are efficient enough to explain dust in all z > 4 SMGs and QSOs 
discussed h ere. However, the rnodels predict that only ~ 10% o f this dust survives 
the shocks (iBianchi & Schneideill2007l : lcherchneff & Dwekll2010h and then even SNe 
cannot explain the dust in the most of these galaxies. 

We checked that this conclusion does not change when w e allow both AG B stars 
and SNe to form only a fraction of dust (Fig. 2 of Michalow ski et al.ll20I0bl) . It is 
because the required yields for AGB stars exceed the allowed value by a factor of > 4 
in most of the cases and therefore AGB stars can account for only < 25% of dust 
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detected in z > 5 QSOs. Therefore the required dust yields for SNe can be scaled down 
only slightly which does not suffice to bring them into the consistency with models with 
dust destruction implemented. 

Hence, we found that neither AGB star nor SNe are able to fully account for dust 
detected in some z > 4 galaxies. This indicates that a significant fraction of dust in 
these galaxies was formed by some other mechanism. One of the possibility is that the 
grain growth in the ISM is responsible for dust accumulation. 

This p rocess is rel atively fast with the t imescale of a few x 10 Myr dPraindl 199(1 



2009l : lHirashita.2000. : .Zhukovska et al.ll2008l) . Therefore even at redshift 6.4 this timescale 
is much shorter than the IJ kely age of a galaxy. Moreover, SNe deliver enough heavy el- 
ements to fuel this gr owth (Todin i & Ferrarall200lHNozawa et al.l2003l : lBianchi & Schneider 



20071 : ICherchneff & Dwek.2009i) . 



4. Conclusions 

We investigated the possible dust producers in the SMGs at 4 < z < 5 and QSOs 
at 5 < z < 6.4 by estimating the required dust yields per AGB star and per SN and 
comparing them to the allowed values derived from the theoretical models. We found 
that AGB stars are not efficient to form dust in the majority of these galaxies leaving 
SNe as the only likely stellar dust producers. However, the required dust yields for SNe 
exceed the allowed values if dust destruction in the SN shocks is taken into account. 
This advocates for some other dust production mechanism e.g. the grain growth in the 
ISM. This process is fast enough and SNe deliver enough heavy elements to build up 
the dust masses derived for these galaxies. 
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